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Possible signatures of magnetic phase segregation in electron-doped antiferromagnetic CaMnO3
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Specimens of the form Ca12xLaxMnO3 (0<x<0.2) are utilized to study the effect of electron doping on the
magnetic saturation momentM sat(5 K). The systematic behavior ofM sat(5 K) vs x is understood through a
phenomenological model which suggests the existence of local ferromagnetic regions within the antiferromag-
netic host for 0.03,x,0.08.
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The 3d transition-metal oxides exhibit amazing physic
effects such as high-temperature superconductivity and
lossal magnetoresistance~CMR!. An unusually strong inter-
play among charge, spin, lattice, and even orbital degree
freedom is currently under consideration as the source for
unusual physical properties.1–11 This interplay can cause ex
pulsion of the doped charge carriers from antiferromagn
regions to ordered~or unordered! lattice sites1,6 thereby cre-
ating multiple magnetic and/or electronic phases in man
nese, nickel, copper, and other transition-metal oxides.
significance of this type of phase segregation is currently
subject of a debate that could eventually provide a unify
theme under which these important oxides may be un
stood. Theory reveals a natural tendency for phase segr
tion into regions with different charge densities and magn
states.6–10 The coexistence of phases is familiar in natu
such as in the liquid-vapor region of phase diagrams, bu
the oxides it occurs on a mesoscopic scale in a solid and
a large temperature range. In the case of CMR-related c
pounds, experimental investigations reveal charge orde
as well as the coexistence of antiferromagnetic~AFM! and
ferromagnetic~FM! order in the form of dynamic FM corre
lations or magnetic droplets.3,5,6

The existing experimental work on CMR-related com
pounds has not provided detailed doping studies of
electron/hole-doping regimes and placed little emphasis
the CaMnO3 region of the Ca~La!MnO3 phase diagram. The
present study addresses this by focusing on the additio
small electron concentrations to CaMnO3 through substitu-
tion of La31 for Ca21. CaMnO3, being less prone to chem
cal defects than LaMnO3,

12 is ideal for detailed doping stud
ies. The magnetic ground state in this doping regime
commonly referred to as canted AFM, which is difficult
distinguish from a phase-segregated FM-AFM system. C
ful investigation of the saturated magnetization at 5 K and a
phenomenological model suggest the coexistence of mul
magnetic phases including a narrow region between 3%
8% La doping where each doped electron ferromagnetic
aligns one Mn moment, indicating that local FM regions,
FM polarons,13 exist in the AFM environment. Electrica
transport illustrates a strong correlation between the m
netic properties and electron mobility. This work reveals
unique experimental/phenomenological approach for stu
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ing weakly doped magnetic systems and introduces a po
tially ideal system for in-depth experimental investigatio
of phase segregation and FM polarons.

All specimens were synthesized under identical con
tions to minimize variations attributable to chemic
defects.12 Stoichiometric quantities of~99.99% purity or bet-
ter! CaCO3, La2O3, and MnO2 were weighed and mixed in
an agate mortar for 7 min followed by reaction for 20 h
1100 °C. The specimens were reground for 5 min, reacted
20 h at 1150 °C, reground for 5 min, reacted for 20 h
1250 °C, reground for 5 min, reacted for 46 h at 1300 °
reground for 5 min, pressed into pellets, reacted for 17 h
1300 °C and cooled at 0.4 °C/min to 30 °C. Powder x-r
diffraction revealed no secondary phases and iodometric
tration, to measure the average Mn valence, indicates
oxygen content of all specimens falls within the range 3
60.01. Magnetic measurements were conducted with a
perconducting quantum interference device magnetome
Measurements of the electrical resistivity utilized a fou
probe dc technique.

Representative magnetizationM versus temperature dat
are presented in Fig. 1 for Ca12xLaxMnO3 ~x50, 0.02, 0.04,
and 0.06! at 4000 Oe. CaMnO3 (x50) exhibits an antifer-

FIG. 1. MagnetizationM versus temperature for Ca12xLaxMnO3

~x50, 0.02, 0.04, and 0.06! at 4000 Oe. In the inset,M versusH is
plotted.
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14 320 PRB 61BRIEF REPORTS
romagnetic transition atTN5131 K with a small ferromag-
netic moment resulting from a minor defect concentration
the inset,M versus applied magnetic fieldH at 5 K isplotted
for the same specimens. Saturation ofM is indicative of fer-
romagnetic order. Similar observations have been made14 in
Ca12xBixMnO3, Ca12xEuxMnO3, and Ca12xSmxMnO3.
Straight lines are drawn through the linear portion of t
low-field M versusH data and the linear portion of the high
field region, the intercept of these two lines is defined
M sat(5 K), the saturation moment at 5 K. To investigate t
doping dependence ofM sat(5 K), it is plotted versusx in Fig.
2~a! which is equivalent to plotting the data versus electr
concentration per unit cell.M sat(5 K) versusx reveals four
distinct regimes. In the regionx,0.02, the data are nearl
linear inx with a slope of 1.2060.25mB /Mn-ion-electron. In
the range 0.03<x<0.08 the data are again nearly linear, b
with a much larger slope of 8.4060.35mB /Mn-ion-electron.
Beyond x50.07, M sat(5 K) saturates and later decreas
with x finally reaching zero forx>0.16.

The electron mobility is strongly correlated wit
M sat(5 K) as shown in Fig. 2~b! where theT55 K electrical
conductivity is plotted versusx. The electrical resistivity,
r(T), is typical of heavily doped,n-type semiconductors
with three regimes evident in Fig. 3. ForT.200 K and
0.005<x<0.16, a degenerate behavior with positive te
perature coefficient (dr/dT) is observed indicating that th
chemical potential is positioned in the conduction band.
intermediate temperatures (150 K<T<50 K), r

FIG. 2. ~a! Magnetic saturation moment at 5 K versus La doping
x. RegionI containsG-type AFM and local ferrimagnetism. Regio
II contains local FM regions andG-type AFM. RegionIII contains
C-type AFM, G-type AFM, and local FM. RegionIV is C-type
AFM. The solid lines are given by Eqs.~1! and ~2!. ~b! Electrical
conductivitys at T55 K versusx.
n

s

n
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}exp(E/kBT) with E'85 meV for x50, E'30 meV and
nearly independent ofx for 0.005<x<0.10, and E
'85– 95 meV for 0.12<x<0.20. The intrinsic band gap fo
CaMnO3 is '0.4 eV,15 thus E is attributed to thermal acti-
vation of charge carriers from impurity states associated w
chemical defects (x50) and La dopants (x.0) to extended
states in the conduction band. At the lowest temperatu
(T,10 K) the activation energy is substantially smaller a
doping dependent. The thermoelectric power of the
samples,16 like in the Sm-doped compounds,14 tends to zero
as T→0 indicating a finite density of states at the Fer
level. Thus, the low-temperature activation energy« is asso-
ciated with carrier hopping between localized states. T
qualitative band scheme that emerges~Fig. 3, inset! is that of
a conduction band tail with states localized due to the r
dom potential introduced by the dopants up to a mobi
edgeEC ; this band scheme is similar to that of rare-ea
magnetic semiconductors which exhibit CMR.17 A negative
magnetoresistance is observed forH52 T ~open symbols in
Fig. 3! in the low-T regime atx<0.12, but the slopes«
5d ln r/d(1/T) are independent of field, indicating that th
applied field does not significantly increase the overlap
neighboring potential wells associated with the localiz
states. This is sensible since the ratio of the magnetic e
gies kTN /mH'30 ~wherem is the magnetic moment on
Mn site!.

The M sat(5 K) data in the region 0<x<0.07 can be in-
terpreted with a very simple model based on two limiti
cases. Note that the AFM structure of CaMnO3 is G-type,
that is, each Mn magnetic moment is oriented antipara
with regard to its nearest Mn neighbor.2 The first case as-
sumes that a doped electron is localized on a single Mn
with a mobility small enough to preclude double-exchan

FIG. 3. Electrical resistivity atH50 ~solid circles! and 2 T
~open circles! versus inverse temperature. The schematic b
scheme shows localized states~shaded! below a mobility edge,EC .
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effects, thereby creating a local Mn31 moment that retains its
original orientation. If we assume the orbital angular m
mentum is quenched, the Mn31 moment has a spinS3152
and an orientation opposite to that of the surrounding Mn41

moments which have spinS4153/2; this leads to inequiva
lent magnetic sites in a localized region, or alocal ferrimag-
netic region that coexists with the AFM background. Ma
netization measurements would yield a net ferromagn
saturation moment per manganese ion for such a system
at T50, would be given by

M sat~0 K!5g~S312S41!mBx5mBx, ~1!

whereg is the Lande´ g factor @g52 ~Ref. 18!# andmB is the
Bohr magneton. Equation~1! is depicted by the lower solid
line in Fig. 2~a!, the slope of which is in good agreeme
with the observed slope of 1.2060.25mB /Mn-ion-electron in
region I (0,x,0.02) of Fig. 2~a!. Essentially, in this limit
the AFM order remains unaltered by the addition of ele
trons. The resulting AFM domains will possess a net m
netic moment that will rotate to the applied field directio
thereby exhibiting hysteresis inM versusH as observed in
the inset of Fig. 1.

In the second case it is assumed that the increased do
electron mobility ~discussed above! allows ferromagnetic
coupling between two neighboring Mn moments v
double-exchange4 thereby causing a single Mn moment p
doped electron to flip its orientation from AFM to FM. T
calculateM sat(0 K) expected in this scenario, imagine r
movingn Mn41 moments from an AFM lattice consisting o
N Mn41 moments, this would result in a net ferromagne
moment per manganese ion ofM sat(0 K)5g(3/2)mB(n/N).
If instead of removing the Mn41 moments, their spin orien
tation were flipped 180°, we would obtainM sat(0 K)
5g(6/2)mB(n/N). The addition of the strongly Hund’s
coupled mobile electron, provides the final result for the
ferromagnetic saturation moment per manganese ion
function of x5n/N

M sat~0 K!5g~7/2!mBx. ~2!

Equation~2! is plotted in Fig. 2~a! as the upper solid line; its
slope of 7mB/~Mn-ion-electron! is slightly smaller than the
slope of 8.4060.35mB/~Mn-ion-electron! observed in region
II (0.03,x,0.08) of Fig. 2~a!. This discrepancy can b
attributed to participation of the previously ferrimagne
sites in the local ferromagnetism. Thus, the data in regionII
suggest thatlocal ferromagneticregions, or FM polarons
exist within the AFM lattice with one polaron created f
each additional electron. Equation~2! is identical to the low-
temperature limit forM satpredicted13 in a theory of polarons.
We note that a minor defect concentration shifts the dat
Fig. 2~a! at low x slightly upward and that the linear portio
of M (H) above M sat is likely a result of field-induced
growth of the local FM regions.

The region 0.08<x<0.20 reveals a saturation and su
pression ofM sat(5 K) resulting from the formation ofC-type
AFM regions. TheC-type structure, known to exist atx
50.2,2 is composed of one-dimensional chains of para
magnetic moments oriented antiparallel to their neighb
suggesting double-exchange interactions along the ch
and superexchange interactions between neighbo
-
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chains19 ~an example of orbital ordering!. Our data sugges
the doped electrons are randomly distributed among the
romagnetic chains sinceM sat(5 K)50 at x50.2. Further-
more, the regionx>0.16 is predominantlyC-type AFM
phase sinceM sat(5 K)'0 @region IV in Fig. 2~a!#. In the
range 0.07,x,0.16 the behavior ofM sat versusx indicates
the coexistence of localC-type magnetic order with the
G-type/local ferromagnetic mixture; this region is denoted
III in Fig. 2~a!. Apparently, when the doped electron dens
becomes too high, localC-type regions are formed; in fact
local fluctuations in electron~or La! density may partly ex-
plain why the data in regionII of Fig. 2~a! remain slightly
below the value predicted by Eq.~2!. The TN values forx
50.16 and 0.18~155 and 180 K, respectively! are signifi-
cantly higher thanTN for G-type AFM ~Fig. 1! indicating a
lower free energy for the orbitally orderedC-type AFM
phase.

The different magnetic character of the four phases e
denced in Fig. 2~a! should influence the magnetic contribu
tion to the low-T carrier hopping energy«, thereby reflecting
the difference in magnetic energy between FM clusters
the AFM background. Ther(x,T) andM sat(x) data allow us
to plot in Fig. 4 the magnetization dependence of« in ap-
plied magnetic fieldsH50 and 2 T. The four magnetic re
gimes revealed inM sat(x) are clearly reflected as changes
the slope,d«/dMsat. Though« has nonmagnetic contribu
tions, the increase in« upon entering region III suggests
predominance of the magnetic term. Thus, as the AFM ba
ground becomes moreC type for x.0.07, with a lower free
energy, there is an increased energy cost for the formatio
FM clusters.

The results agree with qualitative arguments19 predicting
FM coupling of the isolated Mn31 moments with their Mn41

neighbors and the formation of multiple magnetic phas
however, a decrease ofTN is observed20 for x,0.1 instead of
the predicted increase. Calculations by de Gennes illust
that a bound electron gives rise to a local distortion of
spin lattice leading to long-range canting of the AF
moments,4 in contrast to the local ferromagnetism and mix

FIG. 4. Low-temperature activation energies forr(T) at H50
~solid symbols! and 2 T~open symbols! versusM sat(5 K), indicat-
ing four regimes delineated by differing slopes~lines are guides!.
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14 322 PRB 61BRIEF REPORTS
phases suggested in these experiments. More detailed c
lations reveal that canting is unstable in large regions of
La~Ca!MnO3 phase diagram when the Hund’s rule exchan
energyJH,` ~Ref. 21! and Coulomb repulsion is consid
ered. Contemporary theories1,6–10 agree that phase segreg
tion is likely in isolated regions of the La~Ca!MnO3 phase
diagram. In the experimental region discussed above, ca
lations utilizing a one-orbital model~no Jahn-Teller effects!
reveal phase segregation into FM and AFM regions and
ther work including Jahn-Teller effects~the two-orbital
model! reveals phase segregation over a wide range
electron-phonon couplings.7 Another study10 finds phase seg
regation in the electron concentration regime of our exp
mental work, although an enhancement ofTN in regionsI
and II of Fig. 2~a! is suggested. Analytical calculation
found phase segregation to occur in the range 0.5,x,1,8

however, the magnetic exchange of LaMnO3 is AFM along
the c axis and FM in the perpendicular direction therefo
precluding direct comparison to magnetically isotropic~G-
type! La-doped CaMnO3. Another analytical investigation9

finds that an increase in local magnetization causes an
n
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crease in local charge-carrier density resulting in poten
wells for the carriers; spatial electron-density fluctuatio
lead to an unstable canted AFM state and phase segreg
into FM and AFM regions. Our observations largely supp
these current theories6–10,13,21and, furthermore, establish de
tailed phase boundaries to fertilize future theoretical and
perimental developments.

The results presented here suggest phase segregatio
sulting from the strong competition among local FM a
long-range AFM order in a region of the Ca~La!MnO3 phase
diagram not previously studied in great detail and provid
simple alternative for the long-accepted scenario of can
AFM moments in electron-doped CaMnO3. Moreover,
electron-doped CaMnO3 is revealed as a simple model sy
tem for future studies of phase segregation and FM polar
in transition-metal oxides.
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